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Abstract

Compression ignition (CI) engines remain the primary power source for heavy-duty applications, including
construction machinery and marine vessels. However, they emit harmful pollutants - particularly soot - which
pose significant environmental and health risks. These impacts are exacerbated in confined environments such
as underground tunnels, where limited oxygen availability promotes the accumulation of exhaust emissions.
This study investigates the combined effects of oxygenated fuels and wet scrubbing on combustion character-
istics and soot emissions in a CI engine. Fuel blends of biodiesel and OME; with conventional diesel were
formulated to provide varying levels of fuel-bound oxygen. The results show that increasing oxygen content
enhances fuel reactivity, leading to shorter ignition delay and a reduced premixed combustion fraction. This
results in a lower peak cylinder pressure across different engine loads. In terms of emissions, oxygenated fuels
significantly reduce soot formation. A near-linear decrease in smoke concentration with increasing oxygen
content is observed, with OME; showing a stronger reduction effect than biodiesel. To further reduce emis-
sions, a closed-loop wet scrubber system was integrated downstream of the engine. The system uses fresh
water and a multi-nozzle spray configuration to enhance gas-liquid interaction. The system achieves up to 65%
smoke removal efficiency at high engine loads, with performance largely governed by operating conditions
rather than fuel type. Overall, the combination of oxygenated fuels and wet scrubbing provides a synergistic
approach to smoke reduction, offering a promising solution for cleaner operation of diesel engines in confined
and oxygen-limited environments.

Keywords: oxygenated fuels; wet scrubber; diesel engine; soot emissions; combustion characteristics; con-
struction machines.

1. Introduction

The working environment in underground and tunneling construction poses significant risks to
workers’ health and visibility [1, 2]. Pollution in these confined settings primarily originates from
three sources: (i) exhaust emissions from construction equipment; (ii) dust and chemical pollutants
generated during drilling, blasting, and material handling; and (iii) naturally occurring gases within
the underground strata. Despite advances in ventilation and aftertreatment technologies, controlling
emissions at the source remains a critical challenge, particularly for equipment operating in oxygen-
deficient and poorly ventilated environments. Construction machinery used in underground works
relies predominantly on diesel engines, which emit harmful pollutants, especially soot. Conventional
emission-control technologies (e.g., particulate matter (PM) filters) can reduce soot under standard
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conditions; however, their effectiveness is often limited in underground environments due to low
oxygen levels, transient operation, and restricted airflow. In these confined settings, diesel-powered
equipment performs essential tasks such as excavation, hauling, and material transport. Limited ven-
tilation and poor lighting promote the accumulation of exhaust pollutants, degrading air quality and
impairing worker safety and visibility. Therefore, there is a critical need to develop engine-oriented
emission mitigation strategies that reduce pollutants at the source under realistic underground op-
erating conditions. Such approaches can improve air quality, enhance occupational safety, and in-
crease operational efficiency, while also supporting engine durability through cleaner intake condi-
tions. Among advanced emission-control approaches, multiphase scrubber technology has shown
promise in industrial applications. These systems operate based on gas-liquid interactions, where the
liquid phase absorbs and captures pollutants from exhaust gases. For application to construction ma-
chinery - particularly in underground environments - scrubber systems must be carefully designed to
ensure: (i) stable and safe operation without adversely affecting engine performance; (ii) appropriate
selection of scrubbing liquids and additives to enhance pollutant removal; and (iii) optimized config-
urations that maximize gas-liquid interaction under transient engine conditions. The development of
such systems requires an integrated understanding of combustion processes, exhaust characteristics,
multiphase flow, and experimental diagnostics.

Diesel engines remain indispensable for construction machinery due to their high efficiency, ro-
bustness, and load-bearing capability. However, their emissions - especially PM, largely composed
of soot / smoke - pose significant environmental and health concerns. Soot formation is primarily
associated with incomplete combustion in locally fuel-rich and oxygen-deficient regions within the
cylinder, a condition that is exacerbated under underground operating constraints. Therefore, focused
research on diesel engines used in underground construction, particularly on in-cylinder processes and
exhaust treatment under low-oxygen conditions, is essential to meet increasingly stringent emission
requirements and to ensure safer and more sustainable underground operations.

To mitigate soot emissions, two main strategies have been extensively investigated: in-cylinder
control and exhaust aftertreatment. The first approach focuses on suppressing soot formation at the
source through fuel modification, particularly via oxygenated fuels such as biodiesel and oxymethy-
lene ethers (OMEn). The inherent oxygen content in these fuels enhances oxidation processes within
fuel-rich zones, thereby reducing soot formation. Previous studies have demonstrated that increasing
biodiesel blending ratios significantly lowers soot emissions under various operating conditions [3],
while OMEn especially OME3_s exhibit superior performance due to their high oxygen content and
cetane number, enabling near-soot-free combustion [4, 5]. Moreover, OMEn have shown consider-
able potential in reducing greenhouse gas emissions, with reported reductions of up to 89% when
synthesized from renewable sources [6].

The second approach involves exhaust gas aftertreatment technologies, such as diesel particulate
filters and wet scrubbers. Among these, wet scrubbers are increasingly adopted, due to their ability
to reduce soot and other pollutants. It is estimated that approximately 25% of the global merchant
fleet is equipped with scrubber systems, largely driven by their cost-effectiveness compared to low-
sulfur fuels [7]. Experimental studies have reported PM reduction efficiencies of 40-80% depending
on operating conditions [8]. However, scrubber performance is governed by complex multiphase
flow interactions, including droplet distribution, gas-liquid contact, and mass transfer dynamics, and
remains highly sensitive to exhaust gas composition. Critical challenges persist in optimizing flow
regimes, understanding pollutant removal mechanisms, and evaluating the compatibility of scrubbers
with emerging alternative fuels [9—12].
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Despite significant advances in both fuel-based and aftertreatment-based strategies, existing stud-
ies have largely treated these approaches independently. In particular, the interaction between oxy-
genated fuel combustion and scrubber performance remains poorly understood. Fuel properties can
substantially alter exhaust characteristics, influencing particulate size distribution, gas composition,
and temperature, which in turn affect scrubber efficiency and pollutant removal mechanisms. Further-
more, limited attention has been given to the combined effects of oxygenated fuels and wet scrubbers
on overall engine performance and emission characteristics, especially under realistic engine operat-
ing conditions. This lack of integrated investigation represents a critical knowledge gap in the devel-
opment of effective emission control strategies. In addition, the global transition toward low-carbon
energy systems, including the adoption of e-fuels such as hydrogen, ammonia, and OMEn, further
emphasizes the need for comprehensive studies on fuel-aftertreatment interactions. While these fu-
els offer promising pathways toward net-zero carbon emissions, their combustion behavior, emission
profiles, and compatibility with existing aftertreatment technologies remain insufficiently explored.
This challenge is particularly relevant in the context of national and international decarbonization
goals, such as Vietnam’s commitment to achieving net-zero emissions by 2050 [13, 14].

In this context, the present study aims to experimentally investigate the combined effects of oxy-
genated fuels and scrubber aftertreatment on the combustion and emission characteristics of a com-
pression ignition engine. Fuel blends consisting of conventional diesel, biodiesel, and OMEn are
evaluated to assess their impact on in-cylinder combustion behavior and exhaust emissions. A wet
scrubber system is integrated into the exhaust line to quantify its effectiveness in reducing soot and
associated pollutants under varying operating conditions. The novelty of this study lies in: (i) the
integrated evaluation of in-cylinder (oxygenated fuels) and post-combustion (scrubber) emission con-
trol strategies, (ii) the systematic investigation of how fuel properties influence scrubber performance,
and (ii1) the provision of experimental insights into the synergistic potential of combined approaches
for soot reduction.

2. Experimental setup and procedure

Fig. 1 schematically illustrates the engine testbed employed in this study. The experimental sys-
tem consists of a compression ignition engine coupled with an electric dynamometer, a wet scrubber
unit, and a suite of measurement instruments for performance and emission analysis. Engine load and
speed were controlled using an electric brake (No. 4 in Fig. 1), while torque and rotational speed were
continuously monitored and recorded through a custom-developed LabVIEW-based data acquisition
system.

The exhaust aftertreatment system includes a wet scrubber installed downstream of the engine
exhaust line. The scrubber operates by injecting water into the exhaust gas stream, promoting gas-
liquid interaction that facilitates the capture of soot and the absorption of gaseous pollutants (as shown
in Fig. 2). To evaluate the scrubber performance, exhaust emissions were measured both upstream and
downstream of the scrubber. An Opus-50 smoke analyzer was employed to quantify smoke levels.
In this study, the analysis focuses on smoke emissions. The treatment efficiency of the scrubber was
determined by comparing emission concentrations before and after the scrubbing process.

Engine load was measured using a VLC-110 load cell with an uncertainty of +0.03% of full
scale, and engine speed was recorded using an Omron E6B2-CWZ6C encoder with a resolution of
0.5° crank angle. To ensure measurement reliability and minimize experimental uncertainty, each
operating condition was repeated three times. The reported results correspond to the averaged values,
with an overall experimental uncertainty maintained below 2%.
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Figure 1. Experimental setup schematic

1. diesel engine; 2. driveshaft; 3. encoder; 4. electric brake; 5. liquid resistor; 6. controller; 7. computer; 8. AVL fuel
balance 733s; 9. charge amplifier (to connect pressure transducer - Kistler 701a), 10. control panel; 11. exhaust gas
analyzer (Opus-50); 12. indicator; 13. load cell; 14. scrubber; 15. scrubber’s outlet; 16. probe hole for exhaust analyzer;
17, 19, 20. thermocouples; 18. cylinder pressure transducer; 21. radiator.

The test engine is a V8 diesel engine operated at a constant speed of 1600 rpm. This is a four-
stroke, water-cooled compression ignition (diesel) engine commonly used in medium-duty engine
applications. The engine employs a direct fuel injection system with an injection pressure ranging
from 190 to 195 kg/cm? and an injection timing of 8° before top dead center (BTDC). It has a com-
pression ratio of 16.5:1, a cylinder bore of 120 mm, and a piston stroke of 120 mm, resulting in a
square bore-to-stroke configuration. The engine has a dry weight of approximately 885 kg, reflecting
its robust construction for commercial transportation duties. Experiments were conducted under four
load conditions: 25%, 50%, 75%, and 100% (full load). For each load condition, the scrubbing liquid
flow rate was fixed at a liquid-to-gas (L/G) ratio of 7 L/Nm3, as this is optimum ratio as found in
recent report [15]. The liquid used in this study is fresh water. The exhaust gas flow rate, Qy, was
estimated and normalized to standard conditions (NmS/h) based on measurements of gas velocity,
temperature, and pressure at the scrubber inlet as shown in following equation:

P Ty
Ov=0" T
where Q is the volumetric flow rate (m>/h), obtained from gas velocity and duct cross-sectional area,
Q = u - A; where u is the gas velocity and A is the cross-sectional area of the exhaust duct; P is the
measured gas pressure at the scrubber inlet (kPa), Py is the standard pressure = 101.325 (kPa); T is
the measured exhaust gas temperature (K), T is the standard temperature = 273 (K).

Exhaust gas velocity and temperature were measured using an E-8500 exhaust gas analyzer; these
measurements were conducted in a previous study [15]. Fuels tested in this study include commercial
diesel and its blends with OME3 and biodiesel. The principal properties of the pure fuels are listed
in Table 1. The blends were formulated to achieve oxygen contents of 2% and 5% by mass, enabling
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investigation of the role of fuel-bound oxygen in combustion and emission formation. In total, five
fuels were examined: neat fossil diesel; two OME3 - diesel blends with oxygen contents of 2% and
5%; and two biodiesel - diesel blends with oxygen contents of 2% and 5%. Blending technique and
method will be provided later in this section.

The biodiesel used in this study was derived from residues of a palm cooking oil production
process. These residues remained rich in fatty acid esters and were converted into biodiesel through
three cycles of heterogeneous-catalyzed transesterification [16].

Table 1. Critical properties of pure fuels used in this study

Property Unit Testing method Diesel [16] OME3 [17] Biodiesel [16]
Relative density, 15 °C - ASTM D1298 0.836 1.039 0.869
Kinematic viscosity, [mmz/s] ASTM D445 3.14 0.866 4.1
40 °C
Higher heating value [MJ/kg]  ASTM D240 45.19 19.6 36.15
Cetane number - ASTM D613 52.4 72 66.9
Sulfur content (%] - 0.05% - -

) The sulfur content in commercial diesel reported in the market.

Table 2. Blending fraction by mass and volume

Target
Blend oxygen Oxygegated Oxygenated Diesel / Oxygenated Diesel /
bbreviati tent / fuel in fuel / e fuel / Lo
abbreviation  conten the blend W% wt.% vol.% vol.%
wt.%
DB2 2.00 Biodiesel 18.20 81.80 17.69 82.31
DB5 5.00 Biodiesel 45.50 54.50 44.64 55.36
03D2 2.00 OME3 4.25 95.75 3.49 96.51
0O3D5 5.00 OME3 10.64 89.36 8.84 91.16

*The blending method used in this study involves weighing the individual fuel components according to their respective
mass fractions, as specified in Table 2.

Figs. 2(a) and 2(b) illustrate the scrubber configuration and its 3D model. The system operates
as a closed-loop circuit in which liquid is sprayed counter-current to the exhaust flow through two
layers of atomizers in the reaction chamber (#12), enhancing gas-liquid interaction. The liquid tank
has a capacity of 100 L, and a 12 V pump (#8, 300 W) provides an adjustable flow rate of 0-20 L/min.
A filter upstream of the nozzles ensures a clean liquid supply and is replaced regularly. During
operation, contaminants are captured in the circulating liquid, which is reused; after each test, the
liquid is drained, and the system is cleaned and refilled. The experimental conditions were adopted
from our recent work on the design and preliminary performance evaluation of the scrubber [15]. In
this study, fresh water was used as the scrubbing liquid.

3. Results and discussion

3.1. Influence of oxygen concentration on combustion characteristics

Oxygen bound within the molecular structure of a fuel (oxygenated fuels) plays a critical role
in enhancing auto-ignition behavior and overall fuel reactivity. The presence of oxygen-containing
functional groups weakens adjacent C-H bonds and promotes the formation of reactive radicals at
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Figure 2. The scrubber configuration and its 3D model

1. liquid tank; 2. drain plug; 3. separated plate; 4. filter; 5. liquid level observation; 6. liquid tube; 7. cap; 8. electric pump;
9. liquid line; 10. injectors; 11. connector; 12. reaction chamber; 13. scrubber-engine exhaust pipe connector; 14. filter.

lower temperatures. This facilitates earlier onset of low-temperature oxidation chemistry, effectively
shortening ignition delay compared to conventional hydrocarbons. As a result, oxygenated fuels often
exhibit higher reactivity under compression ignition conditions, which is particularly beneficial for
lean or low-temperature combustion strategies.

During the auto-ignition process, fuel-bound oxygen also influences the complex chain-branching
reactions that govern ignition timing [18, 19]. In low- and intermediate-temperature regimes, oxy-
genated fuels tend to enhance the formation of key intermediates such as hydroperoxides and OH radi-
cals, accelerating the transition from cool flame to main ignition [18—20]. This can lead to a more con-
trolled and progressive heat release, although the exact effect depends on the molecular structure and
oxygen content [21, 22]. In some cases, excessive oxygenation may suppress certain chain-branching
pathways, slightly moderating reactivity compared to highly reactive hydrocarbons [20, 21].

Furthermore, oxygen within the fuel improves local oxidation even in fuel-rich zones, reducing
the likelihood of incomplete combustion products during ignition and early flame development [22,
23]. This contributes to lower emissions of CO, unburned hydrocarbons, and soot precursors, while
still maintaining adequate ignition quality. However, increased reactivity due to oxygen content can
also result in higher peak temperatures and pressure rise rates, which must be managed carefully in
engine applications to avoid knock or excessive mechanical stress.

Figs. 3 to 6 show the in-cylinder pressure traces under varying engine load conditions. The tested
engine complies with Euro III emission standards, which require a relatively late injection timing of 8
degress crank angle before TDC for all cases. This retarded injection shortens the ignition delay and
reduces the premixed combustion fraction, thereby limiting the rapid heat release phase and lowering
in-cylinder temperatures associated with NO, formation.

In IC engines, ignition delay is a key parameter characterizing fuel reactivity. It is typically
defined as the time interval between the start of fuel injection (SOI) and the start of combustion (SOC).
In CI engines, SOC is commonly determined from the net heat release rate (HRR), which is derived
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55—
—-=-D0
50 goof = DB2
| %45 -&-DB5
= &
< 40 a4 -¢-03D2
S NE, v 03D5
[0} QY
§ 350 355 360 365 3&0 375 380
g 30, Crank Angle (deg)
e
o
o}
E 20
>
O
10
0 ¢ ) 1 1
180 270 360 450 540
Crank Angle (deg)
Figure 4. In-cylinder pressure variation at 1600 rpm and half load
60
60 —-D0
=3 —&-DB2
:, -4 DBS
50 R % -0--03D2
_§ v-03D5

N
S
T

350 355 360 370 375 380|

365
Crank Angle (deg)

Cylinder pressure (bar)
[3®) (9%
S (=)

—_
(=}
T

0.. 1 1
180 270 360 450 540
Crank Angle (deg)

Figure 5. In-cylinder pressure variation at 1600 rpm and three-quarter load
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Figure 6. In-cylinder pressure variation at 1600 rpm and full load

from in-cylinder pressure traces, such as those presented in Figs. 3-8 of this study. Conventionally,
SOC is identified at the point where the HRR crosses zero and begins to increase sharply.

However, in the present engine configuration, the SOI is set very close to TDC to mitigate NO,
emissions. As a result, combustion occurs after TDC, as observed in Figs. 3—8. Under these condi-
tions, the HRR at SOC is already significantly above zero, making the conventional determination of
ignition delay from HRR impractical.

Nevertheless, the onset of combustion is still associated with a distinct and rapid rise in in-cylinder
pressure. In this study, the deviation of the measured pressure trace from the corresponding motoring
curve is clearly identifiable and is therefore used as an alternative indicator of SOC. This point is
referred to here as the “ignition delay indicator”. It should also be noted that the injection timing
may vary depending on the fuel properties, primarily due to differences in the bulk modulus among
the tested fuels. In the present study, the SOI timing was assumed to remain unchanged for all tested
fuels. Future investigations should examine the combined effects of variations in injection timing and
the SOC when using these fuel blends. Such studies would provide a clearer understanding of ignition
delay characteristics and the influence of fuel properties on the combustion process.

The results show that the ignition delay indicator decreases with increasing fuel oxygen content.
This trend is consistent with the enhanced reactivity of oxygenated fuels. Fuel-bound oxygen fa-
cilitates auto-ignition by promoting radical formation and weakening adjacent C-H bonds, thereby
accelerating low-temperature oxidation chemistry. Consequently, ignition occurs earlier compared to
conventional hydrocarbon fuels. The reduced ignition delay shortens the premixed combustion phase,
leading to lower peak cylinder pressure, as observed in Figs. 3—6.

The observed increase in peak in-cylinder pressure with engine load in both Fig. 7 and Fig. 8 is pri-
marily attributed to the larger mass of fuel injected per cycle to meet the higher torque demand. This
results in a higher global equivalence ratio and a more intense heat release rate during the diffusion
combustion phase. However, the distinct behavior of the oxygenated fuel blends (Fig. 8) compared
to the base diesel (Fig. 7) suggests a fundamental shift in the combustion chemistry. The presence of
fuel-bound oxygen facilitates a more “pre-mixed” like combustion quality even within the diffusion
flame, leading to more complete oxidation but a lower peak pressure. This is likely due to the lower
heating value typically associated with oxygenated additives, which reduces the total energy density
of the fuel charge compared to pure fossil diesel.
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The reduction in ignition delay noted in the oxygenated blends is a critical factor in the pres-
sure trace morphology. Fuel-bound oxygen acts as a local radical initiator, accelerating the pre-flame
chemical reactions and allowing the combustion to start earlier in the cycle. Because the ignition
occurs sooner, the “pressure rise” is more gradual, and less fuel is allowed to accumulate during
the delay period. This prevents the sharp, high-intensity pressure spikes characteristic of long igni-
tion delays (where a large mass of fuel auto-ignites simultaneously), effectively “smoothing out” the
pressure curve and resulting in the observed 3-5 bar reduction in peak pressure for the O3D5 blend.
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Furthermore, the shorter ignition delay and lower peak pressure have significant implications for
engine durability and emissions. While fossil diesel (Fig. 7) shows a more aggressive pressure rise
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that could lead to higher mechanical stress and combustion noise at high loads, the oxygenated blends
(Fig. 8) demonstrate a more controlled combustion process. This suggests that oxygenated fuels not
only improve soot oxidation via direct oxygen supply but also provide a thermodynamic buffer that

allows the engine to operate with a “softer’” combustion profile without sacrificing the stability of the
pressure traces across varying loads.

3.2. Influence of engine loads on emission formation

Fig. 9 illustrates the influence of fuel-bound oxygen content on smoke opacity under varying
loading conditions. In general, smoke emissions increase with engine load. Blending biodiesel and
OMES3 with fossil diesel significantly reduces smoke emissions. The influence of oxygen content on
smoke levels is discussed further in the following section. This reduction can be attributed to the role
of fuel-bound oxygen, which enhances oxidation processes, thereby suppressing soot formation and
promoting the oxidation of existing soot particles.
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Figure 9. Engine smoke opacity before the scrubber

Fig. 10 presents the variation of engine smoke concentrations with fuel oxygen content. These
emissions are measured directly at the engine outlet and therefore serve as the input to the wet scrub-
ber system investigated in the following section. The data are primarily intended to assess the role of
fuel-bound oxygen in influencing smoke concentration.

As shown in Fig. 10, increasing the oxygen content in fuel blends significantly reduces smoke
levels. A clear fuel-dependent trend is also observed. For example, OME3 exhibits a sharper reduc-
tion in smoke concentration compared to biodiesel. The O3D blend with 5% oxygen reduces soot
emissions by approximately 20-30%, whereas the BD blend with the same oxygen content achieves
a reduction of about 13-23%, depending on engine load; the difference becomes more pronounced at
higher loads. For each oxygenated fuel, increasing the oxygen fraction in blends with fossil diesel
results in an approximately linear decrease in smoke concentration.

3.3. Scrubber emission treatment efficiency

Fig. 11 compares engine smoke levels before and after the wet scrubber, providing an assessment
of the scrubber’s smoke removal efficiency. It also illustrates the influence of engine load and fuel
type on smoke emissions. As shown in the figure, the scrubber significantly reduces smoke levels
across the entire range of operating conditions investigated. The removal efficiency increases slightly
with engine load, reaching up to 65% smoke reduction at full-load conditions.

Fig. 12 illustrates the variation of smoke opacity with fuel-bound oxygen content. The solid lines
represent smoke levels at the scrubber inlet (raw engine exhaust), while the dashed lines correspond
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to emissions downstream of the scrubber. Overall, the results indicate that fuel composition primar-
ily influences the baseline soot formation, whereas scrubber removal efficiency remains relatively
insensitive to fuel type and is more strongly affected by engine load.

The use of oxygenated fuels introduces a pre-treatment effect at the combustion stage. Fuel-bound
oxygen enhances local oxygen availability within the spray, promoting more complete oxidation and
suppressing the formation of soot precursors. As a result, the raw exhaust entering the scrubber
exhibits reduced smoke opacity, as reflected by the downward shift of the solid lines with increasing
oxygen content. This indicates that oxygenated fuels effectively lower particulate formation at the
source, thereby reducing the burden on the downstream after-treatment system.

Despite these changes in fuel composition and soot formation, the relatively constant gap be-
tween the solid and dashed lines across different oxygen levels suggests that the scrubber maintains
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a nearly uniform removal efficiency. This implies that variations in soot characteristics associated
with oxygenated fuels - such as smaller particle sizes or less complex agglomerate structures - do
not adversely affect the dominant capture mechanisms of the scrubber, including inertial impaction
and interception. Therefore, the scrubber performance appears robust with respect to changes in fuel
chemistry.
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Figure 12. Engine smoke opacity of oxygenated fuel blends under different loads

A strong synergistic effect between oxygenated fuels and the scrubber system is observed. Oxy-
genated fuels reduce particulate mass loading upstream, preventing excessive accumulation within
the scrubber, particularly at high engine loads where soot formation is typically elevated. In turn,
the scrubber provides a final polishing step, ensuring consistently low smoke opacity at the outlet.
This combined approach enables more stable emission control across varying operating conditions
compared to either strategy applied independently.

The benefit of this synergy becomes especially evident at higher engine loads. Under such con-
ditions, increased in-cylinder temperature and pressure tend to promote soot formation; however,
fuel-bound oxygen mitigates this effect by enhancing in-cylinder oxidation processes. Consequently,
the inlet smoke levels remain controlled, allowing the scrubber to operate effectively without reach-
ing saturation. The resulting outlet emissions remain within a narrow, low-opacity range regardless
of load variations.

From a chemical kinetics perspective, fuel-bound oxygen also influences ignition and combus-
tion processes. It promotes the formation of reactive intermediates such as hydroperoxides and OH
radicals during low- and intermediate-temperature oxidation, facilitating earlier and more controlled
ignition. Additionally, oxygenated fuels improve oxidation in locally fuel-rich regions, reducing the
formation of incomplete combustion products, including CO, unburned hydrocarbons, and soot pre-
cursors. While increased oxygen content generally enhances reactivity, excessive oxygenation may
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alter chain-branching pathways and moderate ignition behavior depending on molecular structure.

In summary, oxygenated fuels and wet scrubbing function as complementary emission control
strategies. Fuel-bound oxygen reduces soot formation at the combustion stage, while the scrubber
consistently removes the remaining particulates. This integrated approach results in the lowest overall
smoke emissions at higher oxygen contents, demonstrating a cumulative and robust pathway for soot
mitigation in CI engines.

4. Conclusions

This study demonstrates that oxygenated fuels play a significant role in improving combustion
characteristics and reducing soot formation in CI engines. The presence of fuel-bound oxygen en-
hances auto-ignition reactivity, shortens ignition delay, and promotes more complete oxidation, partic-
ularly in locally fuel-rich regions where soot typically forms. As a result, blends containing biodiesel
and OME,, exhibit cleaner combustion than conventional diesel.

The shorter ignition delay associated with oxygenated fuels reduces the fraction of premixed com-
bustion, resulting in lower peak cylinder pressure and a more controlled heat release process across
all tested loads. In terms of emissions, increasing fuel-bound oxygen leads to a substantial reduction
in smoke due to enhanced in-cylinder oxidation, which suppresses soot formation and promotes the
oxidation of soot precursors. Among the tested fuels, OME3 shows a stronger smoke reduction effect
than biodiesel, indicating the importance of molecular structure. A near-linear relationship between
oxygen content and smoke reduction is observed for all blends.

The integration of a wet scrubber system further enhances emission control, achieving up to
65% smoke reduction at high engine loads. Scrubber performance is primarily influenced by engine
operating conditions, particularly load, and is relatively insensitive to fuel type.

Overall, the results highlight the effectiveness of combining in-cylinder strategies (oxygenated
fuels) with exhaust aftertreatment (wet scrubbing). This integrated approach provides a promising
pathway for reducing soot emissions and meeting increasingly stringent environmental regulations.
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